Previous studies showed that at least two transcription factors, HY5 and GLK2, were involved in the coexpression network of key chlorophyll and photosynthesis genes, but they were not sufficient for fully functional photosystem assembly. To explore the transcriptional mechanism, here genes encoding nuclear transcription factors were identified, which were induced in greenish roots of Arabidopsis. Further expression analysis suggested that the expression of these factors was independent from HY5-and GLK-dependent signaling pathways. To clarify the gene expression network, further analysis of such transcription factors involved in chloroplast differentiation will be necessary.
Introduction
At the onset of greening, chlorophylls and photosynthetic proteins are actively synthesized, with concomitant development of thylakoid membrane network. Although chlorophylls in photosystems are essential pigments for photosynthesis, free chlorophylls and their intermediates are strong photosensitizers that produce highly reactive oxygen species when they are excited by light. Thus, chlorophyll biosynthesis must be orchestrated with photosystem protein biosynthesis to avoid excessive accumulation of these pigments and consequent photooxidative damage. Regulation of chlorophyll biosynthesis comprises strong transcriptional control together with a range of post-translational mechanisms during chloroplast biogenesis 1 . Analysis of gene expression networks revealed that HEMA1 (encoding glutamyl-tRNA reductase), CHLH (encoding the H subunit of Mg-chelatase), GENOMES UNCOUPLED4 (GUN4), CHL27 (encoding the membrane subunit of Mg-protoporphyrin IX monomethyl ester cyclase), CHLOROPHYLL A OXYGENASE (CAO) and CHLP (encoding geranylgeranyl pyrophosphate reductase) are particularly highly co-expressed with nuclear-encoded photosynthesis-related genes in response to environmental and developmental stimuli such as light and circadian rhythms 2,3 . Furthermore, genomewide analysis of co-expressed genes revealed 17 nuclear-encoded photosynthesis genes that were strongly co-expressed with these chlorophyll biosynthetic genes, suggesting a presence of transcriptional regulation system governing chlorophyll metabolism, as well as photosynthetic proteins, that is essential for the assembly of photosynthetic machineries 4 .
To explore the transcriptional mechanism, the conditional greening of Arabidopsis roots was studied and it was revealed that chlorophyll biosynthesis is regulated by auxin/cytokinin signaling at the transcriptional level via the combined action of at least two transcription factors, LONG-HYPOCOTYL5 (HY5) and GOLDEN2-LIKE2 (GLK2) 5 . HY5 is essential for the expression of key chlorophyll biosynthetic genes in roots, whereas GLK2, one of two isoforms of GLK (GLK1 and GLK2), strongly up-regulates these genes 5 . Furthermore, searches for predicted cis-elements in promoter regions of key chlorophyll biosynthesis and their co-expressed genes identified coexistence of the G-box and the CCAATC motif, which may be targeted by HY5 and GLK factors, respectively 4 . However, even though GLK overexpression up-regulates not only their primary target genes but also GLK-non-targeted genes associated with chloroplast development in the roots, assembled photosystem showed reduced photochemical efficiency probably because of the incompletion and imbalance in the photosynthetic machinery. Therefore, other transcription factors may also be involved in the coordinate expression of photosynthesis genes for photosystem assembly. In fact, glk1glk2 mutant still showed cytokinindependent enhancement of chlorophyll accumulation in roots 5 and in silico analysis of co-expressed genes identified novel conserved cis-element in the promoter region, suggesting other transcription factors may be involved in the chloroplast development 4 .
Recently, two GATA transcription factors, GNC and CGA1, were reported to induce chloroplast development in non-photosynthetic tissues 6 . In addition, novel transcription factors, ISH1 and ISH2, which were up-regulated during embryogenesis, were unexpectedly found to induce chloroplast development in Arabidopsis roots (manuscript in preparation). Therefore, it is likely that combination of plural transcription factors are necessary for coordinated expression of chlorophyll and photosynthesis genes for functional chloroplast development. To identify the candidate genes, in this study, transcription factors was investigated, the expression of which was up-regulated in greenish roots of Arabidopsis.
Material and methods

Plant material and growth conditions
Arabidopsis thaliana plants were grown vertically on solid medium (1 × Murashige and Skoog medium, 1 % [w/v] Suc, and 0.8 % [w/v] agar, pH 5.7) at 23 °C under continuous light. Mutants and transgenic lines used in this study were described as previously 5 .
qRT-PCR analysis
Total RNA was extracted from roots of 21-day-old seedlings using the RNeasy Plant Mini Kit (Qiagen). Reverse transcription was performed using the RNA PCR kit, version 3.0 (Takara Bio Inc.). cDNA amplified was performed using the Thunderbird PreMix kit (Toyobo) and 200 nM gene specific primers ( Table 1 ). Thermal cycling consisted of an initial denaturation step at 95 °C for 10 s, followed by 40 cycles of 5 s at 95 °C and 25 s at 62 °C. Signal detection and quantification were performed in duplicate using MiniOpticon (Bio-Rad). The relative abundance of all transcripts amplified was normalized to the constitutive expression level of ACTIN8 7 .
Result and discussion
To reveal regulatory steps involved in root greening by phytohormones, we performed the microarray expression analysis on greenish roots 5 . Expression profiles from 14-d-old slr-1 and BA-treated wildtype roots were compared with those from the untreated control. Among the list of up-regulated genes both in roots of slr-1 and BA-treated wild-type, five genes encoding nuclear transcription factors (Table  1) were found. They are RAP2.3 (AT3G16770), IAA27/PAP2 (AT4G29080), ANT (AT4G37750), KNAT1 (AT4G08150), and WIP4 (AT3G20880), the expression of which were up-regulated more than 2-fold in both types of greenish roots 5 . RAP2.3 encodes a member of the ethylene response factor (ERF) subfamily containing APETALA2 (AP2) domain. Although AP2 has shown to play an important role in the control of Arabidopsis flower and seed development, RAP2.3 gene is expressed in vegetative tissues that are controlled by AP2, suggesting active role during vegetative development 8 . IAA27 encodes a member of auxin-responsive AUX/IAA family protein. In auxin signaling pathway, AUX/IAA proteins interact with auxin-response factor proteins (ARFs), which bind to auxin-responsive elements (AuxREs) in the promoters of auxinresponsive genes. At higher auxin concentrations, Aux/IAA proteins are targeted for degradation by the SCF TIR1 ubiquitin ligase complex, allowing ARFs to function as either activators or repressors of AuxREcontaining genes 9 . The action of the auxin signal in root greening was found to be rather complex. While slr-1, a negative dominant mutant of IAA14, showed significant enhancement of chlorophyll accumulation in the root, shy2-101 (a gain-of-function mutant of IAA3) roots showed a reduction in chlorophyll content 5 . Furthermore, although function is unknown, IAA27 is also known as phytochromeassociated protein 2 (PAP2), suggesting putative role in light signaling. ANT (AINTEGUMENTA) is required for control of cell proliferation and encodes a putative transcriptional regulator similar to AP2 10 . This gene is proposed to be involved in some aspect of auxin physiology. KNAT1 is a member of class I knotted1-like homeobox gene family. This family is essential for stem cell establishment and maintenance. It is reported that KNAT1 negatively regulates root skewing, possibly by regulating auxin transport 11 . WIP4 encodes WIP domain protein 4, a member of plant specific subfamily of C2H2 zinc finger proteins. Except for WIP1, neither DNA binding nor other molecular functions have been shown so far for remaining three WIP proteins 12 . Thus, physiological functions of these five nuclear transcription factors are still largely unknown.
The up-regulation of these transcription factors in both types of greenish roots by qRT-PCR analysis (Fig. 1) was verified. Except for WIP4, which showed the lowest up-regulation by both conditions, significant induction of ERF/AP2, IAA, ANT, KNAT1 was observed in roots of BA-treated or slr-1 seedlings. By contrast, the expression levels of these genes were slightly reduced in the roots of ahk2 ahk3 double mutants. These data suggest that the involvement of these genes in the regulation of chlorophyll biosynthesis in the root and phytohormones play a role in this regulation. Inconsistency of WIP4 expression in microarray and qRT-PCR data is probably caused by the very low expression of this gene.
The genetic interaction between these transcription factors and HY5-and GLK-dependent signaling pathways was then analyzed. By CHIP-chip analysis, previous studies identified direct target genes of HY5 13 and GLK1/2 14 . The five nuclear genes were neither listed as direct targets (Table 1) . To further Fig. 1 . Effects of phytohormones on the expression of nuclear transcription factor genes in roots. qRT-PCR analysis in roots of untreated Col seedlings, Col seedlings treated with 1 μM BA (BA), and slr-1, and ahk2 ahk3 seedlings grown for 14 d.Gene expression levels were normalized to untreated Col levels. Values are the means SD from three independent experiments confirm the genetic interaction, we investigated the expression of these genes in hy5-215 ( Fig. 2a) , glk1glk2, GLK1 ox and GLK2 ox (Fig. 2b) roots. In hy5-215 roots, the chlorophyll was almost undetectable, showing that HY5 is an essential factor for root greening 5 . Although slight reduction was observed in IAA27, ANT and KNAT1, five nuclear transcription factors retained their expression even in hy5-215 roots. This is strikingly different from those of chlorophyll and photosynthesis genes, which were severely impaired in hy5-215 roots 5 . In addition, when their expression in public microarray database (AtGenExpress Visualization Tool; http://jsp.weigelworld.org/expviz/expviz.jsp) was analyzed, none of these three genes showed light-dependent expression, suggesting that they are not regulated by lightsignaling pathway. Therefore, it is likely that all five nuclear transcription factors are not regulated by light-dependent HY5 signaling pathway.
Concerning GLK signaling, the expression of RAP2.3 was induced in GLK1 ox line. However, its expression was scarcely affected in GLK2 ox and glk1glk2 lines, suggesting that GLK is not essential for RAP2.3 expression. Considering that RAP2.3 has not identified as a direct target gene of GLK 14 and GLK overexpression up-regulated not only their primary targets but also GLK-non-targeted genes 15 , RAP2.3 may indirectly up-regulated by GLK1 overexpression. The expression of other factors was almost unchanged in root of GLK mutant and overexpressors (Fig. 2b) . These results also confirmed that all five nuclear transcription factors are independent from GLK-signaling pathway.
Conclusion
From these results, it is confirmed that four of five nuclear transcription factors were up-regulated in greenish roots of Arabidopsis, independently from HY5-and GLK-dependent signaling pathways. Since multiple transcription factors are considered to be involved in the coordinated expression of chlorophyll and photosynthesis genes for functional chloroplast development, it would be worth for testing the functions of these candidate genes, together with recently identified transcription factors, on chloroplast development. To further explore the transcriptional mechanism, the introduction of multiple transcription factors may be conducted as in the case of pluripotent iPS cell production 16 . To introduce these genes into plant genome, we are now conducting sequential ligation of multiple DNA cassettes 17 . Functional assessment of these genes will be performed in the future.
